First principles calculations based on density functional theory predict a highly selective adsorption site for Mg atoms and negligible preference for the growth of Mg islands on the tubular surface of Mg-intercalated (small diameter) boron nanotubes, thereby establishing the criterion for understanding the growth mechanism of single-walled boron nanotubes (SWBNTs) supported by magnesium. On the other hand, the Mg-SWBNT bundles can be considered as an 'electrostatic' bound system consisting of partially ionized Mg and partially ionized tubules. The metallic character of the tubular Mg-B bundles is then attributed to boron atoms forming a metallic wire, while the role of Mg atoms is limited in enhancing the stability of the crystalline bundles.
Introduction
In recent years nanostructures based on elemental boron have been the focus of several theoretical studies which have predicted novel properties associated with such nanostructures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . For example, single-walled boron nanotubes (SWBNTs) were found to be associated with a very low Poisson ratio [4] and ballistic conduction for electron transport [6] . It was also indicated that boron nanostructures are different [4, 5, [7] [8] [9] from sp 2 -bonded planar structures, such as carbon and boron nitride. The instability of a graphene-like boron sheet is attributed to the multi-centered bonds and electron-deficient features of boron which are energetically more competitive and stable than the sp 2 bonding features. In crystalline bundles of boron nanotubes, the intertubular interaction is predicted to be rather strong and peculiar [7, 11, 12] , and the competing interplay among intratubular and intertubular interactions seems to be responsible for the predicted polymorphism [12] . The experimental way to synthesize elemental boron nanotubes can, therefore, be rather challenging.
Crystalline bundles of SWBNTs offer an all-boron host lattice for intercalation and energy storage. Following the analogy of the Li-intercalated nanorope crystallites of carbon nanotubes [13] , boron nanotube bundles comprising uniform 1D metallic SWBNTs [12] are expected to be ideal candidates for anode materials in nanoscopic ion battery applications. In this context, the precise determination of the intercalation sites of metal cations in SWBNT crystalline bundles is essential for the design of such electrodes. First principles studies can now routinely perform the task of predicting energetically competitive atomic configurations, and related electronic properties in nanostructures. In this study we propose to do such calculations for Mg-intercalated crystalline tubular bundles of elemental boron. Specifically, we will study the interaction between a Mg atom and SWBNTs to determine the energetically preferred intercalation site in SWBNTs and bundles. Note that synthesis of SWBNTs using a mesoporous silica (MCM-41) template with magnesium as the catalyst or precursor was recently reported [14] .
Method
First principles calculations were performed in the framework of the all-electron density functional theory (DFT) with the Perdew-Wang 91 exchange-correlation functional form [15] . The periodic linear combination of atomic orbitals (LCAO) approximation as embedded in the CRYSTAL06 [16] program was employed. A linear combination of Gaussian-type orbitals (GTOs) was used to construct a localized atomic basis from which Bloch functions were constructed by a further linear combination with the plane-wave phase factors.
A split-valence basis set with polarization functions (i.e. 6-31G(d, p)) was used [12] . With periodicity along the x-axis for pristine SWBNT, the 1 × 8 × 8 MonkhorstPack grid is employed. While for the 3D crystalline SWBNT bundles, the Brillouin zone was sampled using an 8 × 8 × 8 Monkhorst-Pack grid for integration in the reciprocal space. A total energy tolerance of 10 −7 Hartree, and eigenvalue tolerance of 10 −6 Hartree in the iterative solution of the KohnSham equations were set. The reliability and accuracy of the computational model employed were successfully tested on the well-studied boron crystalline solid α-B 12 and bulk magnesium, whose structural and electronic properties were reproduced by the modeling elements employed [12, 17] .
The lattice parameters as well as the internal coordinates at each fixed value of the crystallographic unit-cell volume were optimized for the tubular configuration. The tubes are of infinite length and not capped. The crystalline bundles of SWBNTs were represented by arrays of identical nanotubes arranged in a hexagonal lattice. In a hexagonal unit cell, a is defined as the sum of the diameter of the nanotube and its intertubular distance, and c represents the periodicity of a SWBNT along its tubular axis. The calculated results for the unit cell chosen were compared with those obtained using a supercell three-times larger (a =a, c =3c). The difference between these two sets of calculations for Mgintercalated SWBNTs was found to be very small suggesting a negligible influence of the adsorbate-adsorbate interaction in the calculated results presented.
Results and discussion

Mg-doped pristine SWBNTs
We begin with calculations to find the binding sites for a magnesium atom on the tubular surface. The chosen tubular configuration was a (6, 0) zigzag type-I SWBNT with a diameter of about 4Å. This is one of the most stable configurations predicted by first principles calculations [5, 12] , derived from the reconstructed {1221} boron sheet 3 [5, 9, 18] . The SWBNT is characterized in a hexagonal lattice with the space group P6/mmm. On the tubular surface, the binding sites can be classified as H (above the center of the hexagons), A (above the axial B-B bonds), Z (above the zigzag triangles) and T (above a boron atom) sites. We define the binding energy (E b ) of a Mg atom adsorbed at a given site to be the difference in energy of the combined system and that of individual constituents. A positive value of the binding energy suggests that Mg is bound at a given site on the tubular surface.
Analogous to the bulk crystalline MgB 2 solid, which favors the Mg atom sitting over the center of hexagonal sites [20] , the H site on the tubular surface (figure 1) is predicted to be the energetically most favorable site for the adsorption of Mg with E b of ∼1.55 eV. On the other hand, Mg does not seem to prefer adsorption at T, A and Z sites, and is associated with the negative values of E b (i.e. ∼ − 0.42 eV) at T sites, and weakly bound at A and Z sites (i.e. E b ∼ 0.21 and 0.20 eV, respectively). This is in contrast to the case of Al-doped (8, 0) zigzag single-walled carbon nanotubes (SWCNTs) where the H, Z and A sites are the stable sites for Al adsorption on the tubular surface [21] . The adsorption of Mg on a SWBNT is therefore much more selective than that of Al on a SWCNT of a similar chirality and diameter. We note that encapsulation of a Mg atom inside the nanotube was also considered. It was found to be energetically unfavorable with E b ∼ −0.1 eV. We believe that the instability is likely to be due to a steric repulsion arising from a smaller diameter of about 4Å of the SWBNT considered.
Considering only the H site to be the binding site for Mg, we now increase the coverage of Mg atoms to study the interplay between Mg-Mg, B-B and Mg-B interaction in determining the stability of tubular configurations. For the coverage of = 1 12 , where is the ratio of B:Mg in the unit cell, the optimized configuration shows both Mg atoms to be bonded at the opposite H sites (figure 1). As we increase the coverage to = 1 4 by placing the six Mg atoms at the H sites around the circumference of the tube (figure 1), the equilibrium configuration does not show any preference for forming Mg dimers at the surface. For the maximum uniform coverage of = 1 2 the equilibrium configuration exhibits its stability without forming islands of Mg atoms ( figure 1) . The results suggest that the Mg-B interactions appear to be dominant relative to the Mg-Mg interaction in these tubular nanostructures 4 . The relatively high stability of Mg atoms on the tubular surface without deforming the SWBNT configuration together with negligible preference for growth 4 The strength of the interaction can be directly related to the bond distances. In the MgB 2 solid, Mg-B and Mg-Mg bond lengths are 2.49 and 3.05Å, respectively compared to the experimental values [19] of Mg islands can be comprehended as an important criterion for modeling the SWBNT growth mechanism supported by magnesium as the catalyst or precursor.
The band structure and density of states near the Fermi level (E F ) of pristine and Mg-SWBNT configurations are given in figure 2. For pristine SWBNTs, the top of the valence band and bottom of the conduction band are highly dispersive with significant delocalized p-character, though the inner valence bands associated with the localized σ -bonds are rather narrow and flat. The SWBNTs considered are predicted to be metallic and possess 2G 0 (i.e. G 0 = 2e 2 h ) in their intrinsic conductance [5, 6, 12] . As the SWBNTs are uniformly covered by Mg atoms, significant changes occur in the electronic structure of Mg-SWBNT configurations. For example, the π bonds around the tube circumference due to the B p-character together with Mg atoms surrounding the tube yield rich features in the band structure and DOS for the case of = 1 2 in the vicinity of E F (figure 2). The upward shift of E F in Mg-SWBNT relative to pristine SWBNTs causes partial occupancy of a number of highly dispersive bands crossing E F resulting into a considerably higher conductivity. Multiple bands cross at E F , thereby allowing electron transport in several modes in these tubular configurations.
Mulliken charge analysis indicates a charge transfer of ∼0.20e from each Mg atom to the B sublattice. This is in a 2D contour plot is shown in figure 3 . The contours show a spherically symmetric localized region around Mg, indicating the bonding between Mg and B to be partially ionic.
Mg-intercalated crystalline bundles of SWBNTs
In the crystalline bundles of small diameter SWBNTs considered, the preferred site for the intercalation of Mg atoms 5 The indirect evidence of electron injection from Mg atoms onto SWBNTs can also be comprehended as the shift in Fermi level E F of a SWBNT (i.e. E is the high symmetry interstitial site as shown in figure 4 . Table 2 collects the calculated results for the intercalation coverage, (Mg:B) = 1:8 and 5:24, respectively. We note the choice of these coverages reflects the limit of our computational resources. Nonetheless, the results would shed light on the variation of the properties with the increasing intercalation density of Mg atoms in SWBNT bundles.
In the pristine crystalline bundles, the intertubular covalent bonds are predicted to be dominant [12] . As Mg atoms are intercalated at the interstitial sites in the lattice, the intertubular distance increases, resulting into weakening of two-center and three-center bonds among the neighboring tubules [12] . There is, however, a small contraction in the lattice volume (table 2) when we increase from (1:8) to (5:24) . This is due to the fact that the electrostatic interaction between the partially ionized Mg and the negatively charged tubules increases with the increase in the intercalation density, which in turn contracts the lattice. These competing factors yield a nearly constant intercalation energy for the coverage cases considered. ) at the H binding site on the tubular surface. For = 1 4 , the low E s is due to larger R Mg−B relative to the other values considered. boron p-type σ and π bonds. As Mg atoms settle down at the interstitial sites in the bundles, the nature of the density of states near E F remains the same, predominantly associated with boron. Table 2 shows that E s remains nearly constant, approaching 75% of the intercalation energy of about 4.1 eV for crystalline MgB 2 . Interestingly, E s of the Mg-SWBNT bundle is almost twice the value of E s of pristine SWBNTs (table 1) . Since Mulliken charge analysis does not indicate a larger charge transfer from Mg in Mg-SWBNT bundles relative to that in pristine SWBNTs, the additional stability of Mg-intercalated bundles appears to rise from the topological distribution of charge over the local (i.e. tubules) and crystalline (i.e. intertubular and interstitial) region. In fact, one can say that the Mg atoms are partially ionized in the crystallite bundles and the electrons donated to the system are not localized, but rather are effectively distributed over the lattice as shown by the 2D contour map of total and partial charge density near E F in figure 6 . Consequently, instead of the dominance of the intertubular (2c) covalent bonds in the bundles (figure 6), the lattice can be imagined as an 'electrostatic' bound system consisting of the cation (i.e. partially ionized Mg) and anion (i.e. partially ionized tubules) in the Mg-SWBNT bundles considered. The metallic character of the tubular Mg-B bundles, therefore, can be attributed to boron atoms forming a metallic wire, while the role of Mg atoms is limited to enhancing the stability of the crystalline bundles.
Summary
Mg-intercalated single-walled boron nanotubes together with their crystalline bundles can be considered as a novel boronbased compounds which are closely related to MgB 2 metaldiboride crystalline solids [19, 20] and nanostructures [22] [23] [24] .
The calculated results reveal a highly selective adsorption site for Mg atoms on the tubule walls. Analysis of the chemical bonding reveals that Mg is partially ionized, and the charge transfer from Mg to the B sublattice is not localized on the boron atoms, but rather is distributed over the tubular surface of Mg-SWBNTs or the interstitial regions of the Mg-SWBNT bundles.
The calculated results predict the intrinsic relationship between = 1 2 coverage of Mg on the surface of a SWBNT and single layer MgB 2 . The curvature energy of a (6, 0) zigzag MgB 2 single-walled nanotube is found to be about 0.13 eV/atom relative to the equilibrium configuration of a MgB 2 sheet. The calculated results, therefore, suggest relatively easier synthesis of MgB 2 singlewalled nanotubes [22] under appropriate conditions.
